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ADAPTIVE CONTROLLER FOR LINEARIZATION 
OF TRANSMITTER WITH IMPAIRMENTS 

INCORPORATION BY REFERENCE 

0001 Co-pending commonly assigned U.S. patent appli 
cation Ser. No. Attorney Docket No. 778.054US1 
filed on the same date herewith and titled “Adaptive Con 
troller for Linearization of Transmitter' is hereby incorpo 
rated by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to transmitters, and in 
particular to an adaptive linearization controller for a trans 
mitter. 

BACKGROUND OF THE INVENTION 

0003. Some signal transmitters for cellular communica 
tions utilize QAM (quadrature amplitude modulation) to 
increase the number of Signals that can be transmitted on a 
given channel. QAM is a method of combining two ampli 
tude-modulated (AM) Signals into a single channel to effec 
tively double the effective bandwidth. QAM is used with 
pulse amplitude modulation (PAM) in digital Systems, espe 
cially in wireleSS applications. 
0004. In a QAM (quadrature amplitude modulation) sig 
nal, there are two carriers, each having the same frequency 
but differing in phase by 90 degrees (one quarter of a cycle, 
from which the term quadrature arises). The two modulated 
carriers are combined at the Source for transmission. At the 
destination, the carriers are Separated, the data is extracted 
from each, and then the data is combined into the original 
modulating information. 
0005 Radio transmitters amplify input signals. It is 
desired that the gain of Such transmitters be linear for the 
entire range of input signals. Contemporary baseband tech 
niques for linearization of radio transmitters, and in particu 
lar of power amplifiers, rely on frequent estimation of the 
nonlinear transmitter gain in terms of a Single-argument 
complex gain function of the input Signal, which after 
inversion is used for its preamplification or predistortion. 
The cascade of the nonlinear transmitter with the predistor 
tion gain has the properties of a linearized System with 
residual distortions depending on the accuracy of initial gain 
estimation. Change of the average transmitter gain over 
time, which can be caused by different ambient factors, may 
Significantly reduce the accuracy of gain estimation espe 
cially in cases when the predistortion proceSS has different 
Settling time constants over dynamic range. Therefore, the 
bandwidth of the adaptation process is increased from Zero 
to a Sufficient minimum providing reasonable convergence 
and tracking Speeds for the fastest gain changes as well as 
Suppression of white noise. A problem arises when in 
addition to the Systematic gain changes there are System 
impairments in the same bandwidth causing random varia 
tions of the Signal magnitude or phase, where the latter could 
be the result of phase noise or modulation/demodulation 
frequency instability. 
0006 Some of the major disadvantages of current sys 
tems are dependency on test Signals or Specific Signaling 
formats for identification of Such System impairments, as 
well as the complexity of the Solutions requiring powerful 
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offline processing capabilities. In one example signal trans 
mission is attempted with minimal distortions Such as bias, 
lock and quadrature angle errors by means of adaptive signal 
predistortion prior to transmission. Linearization of the 
transmitter is achieved by a separate predistortion block 
called predistorter with memory which affects the trans 
mitted Signal before the previously mentioned adaptive 
predistortion. Although exploiting the idea of two Separate 
predistortion blockS-one for compensation of transmitter 
nonlinearity and another for the rest of the System impair 
ments (most of which are of linear nature), the Solution lacks 
generality due to the use of designated test Sequences for 
nonlinearity estimation and constellation models for impair 
ment identification. Moreover, the level of complexity of the 
Suggested identification and compensation procedures poses 
Serious questions about the efficiency of its implementation. 

0007 Another technique attempts to estimate amplifier 
nonlinearity with limited sensitivity to IF noise and phase 
noise. Invariance with respect to System impairments is 
achieved by functional modeling of amplifiers utilizing 
Spline approximation of noisy measurement data. A major 
drawback of the proposed System is that the measurements 
are conducted by Stimulating the amplifier with designated 
reference bi-tone signals. In addition, there is a fair amount 
of computational complexity involved in the approximation 
proceSS. 

0008. Yet another approach is based on a technique of 
inverse adaptive control, which includes a two-step process 
of linearization and impairment compensation. First, a for 
ward polynomial model of the amplifier is created applying 
adaptive System identification techniques. Second, the for 
ward model is used to generate noiseleSS Signals applied as 
reference inputs to an inverse polynomial model of the 
amplifier. The parameters of a look-up-table based predis 
tortion gain block implementing the real-time linearization 
are derived after format conversion from the inverse ampli 
fier model. By its nature, this method is similar to the spline 
approximation technique. Implementation of polynomial 
nonlinearity estimation involves computationally expensive 
operations like raising Signal Samples to a power larger than 
2 as well as a multi-step derivation of the corresponding 
inverse polynomials performing the predistortion. 

0009 Extensive analysis of multi-channel impairments in 
radio transmitters (i.e. impairments related to the way more 
than one input signals of the transmitter are combined into 
a single one prior to transmission) employing QAM has 
been performed along with the research of direct conversion 
techniques and predistorters for linearization of memoryleSS 
RF power amplifiers. As a result, Symmetric and non 
Symmetric matrix models of gain and phase imbalance as 
well as DC level bias originating in the quadrature modu 
lator Sections of these transmitters have been developed. 
0010. Accordingly, optimal methods for compensation of 
quadrature modulator error factors in the transmitted wave 
forms have been designed using inverse models of the 
impairment matrices to predistort the transmitted Signals 
prior to quadrature modulation. From application perspec 
tive, two types of compensation techniques have been dem 
onstrated: (1) ones using special calibration sequences that 
are executed before a transmission Session, and (2) ones 
providing continuous optimization of the compensation 
parameters during normal transmission. 
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0.011 Notwithstanding their complexity, performance or 
efficiency, the existing Solutions demonstrate the common 
disadvantage of being restricted to particular devices in the 
transmitter chain, Such as quadrature modulator Sections, 
that cause a particular type of gain imbalance, crosstalk or 
DC level bias. In addition to the major assumption for 
memoryleSS transmitter nonlinearity and multi-channel 
impairments, hypotheses are made about the (1) linearity, (2) 
Symmetry, and (3) location of the impairments. Interestingly, 
although being intended to operate in Systems for predistor 
tion linearization of RF power amplifiers the matrix inver 
Sion algorithms have been designed to utilize independent 
processing and correction elements from the ones imple 
menting the linearization. 
0012. A number of existing solutions to the problem of 
multi-channel impairment compensation in Signal transmit 
ters are aimed at improving the Overall quality of transmis 
Sion by perfecting the worst performing functional blocks in 
the transmitter chain. For example, these are the quadrature 
modulator Stages in radio transmitters employing quadrature 
amplitude modulation. The proposed Systems can be sepa 
rated in two corresponding groups depending on whether the 
performance of the targeted functional block is calibrated 
before or continuously improved during normal transmitter 
operation. 

0013 Calibration algorithms for minimization of quadra 
ture modulator errorS Such as gain/phase imbalance and 
carrier leakage causing DC level bias involve determination 
of predistortion parameters for a quadrature modulator, 
quadrature measurement and calibration of a vector modu 
lator, and calibration of Vector modulators using a Scalar 
detectors. A technique for adjusting the balance and the 
90-deg phase difference of the outputs of a quadrature 
modulator has also been used. A System architecture allow 
ing continuous optimization of gain and phase imbalance 
during transmission involves a quadrature modulator imbal 
ance estimator and modulator Stage using it. A technique for 
adaptive compensation of carrier leakage in a quadrature 
modulator involves a quadrature modulator with Set-and 
forget carrier leakage compensation. 
0.014) A common disadvantage of the above-cited solu 
tions is the lack of generality in the treatment of transmit 
channel impairments, which are often limited to a single 
functional block of the transmitter chain and assumed to be 
linear in nature. In addition, the cause of channel crosstalk 
is attributed only to loss of orthogonality between the 
quadrature phases and is represented by antipodal terms that 
are equal in magnitude and opposite in sign (i.e. demon 
Strating a certain level of symmetry). The Suggested cali 
bration or adaptive procedures are explicitly designed to 
improve the performance of two-channel transmitters and, 
thus, their upgrade for multi-channel transmitters is not 
Straightforward. Moreover, application of these techniques 
in a System for transmitter linearization would require a 
Significant amount of extra computational or hardware 
resources to be dedicated for channel imbalance compensa 
tion because of the high degree of incompatibility between 
the existing hardware-efficient linearization algorithms and 
the quadrature modulator algorithms. 

SUMMARY OF THE INVENTION 

0.015. A controller for adaptive baseband linearization of 
radio transmitters has reduced Sensitivity to System impair 
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ments in the transmitter chain Such as gain variation, phase 
noise or modulation/demodulation frequency instability. The 
controller provides Separate estimation and cancellation of 
linear gain variations in order to achieve minimal Suscepti 
bility to these System impairments. Values of a linear and a 
nonlinear digital complex gain blocks, called respectively a 
gain regulation block and a predistortion block, are inde 
pendently adjusted. The gain blocks are cascaded with the 
linearized transmitter and are managed by two different 
adaptive controllers. The gain regulation block approxi 
mates the linear gain of the closed-loop adaptive lineariza 
tion System or its inverse, while the predistortion block 
approximates the inverse of the normalized nonlinear trans 
mitter gain (of unity average magnitude and Zero average 
phase). 
0016 Stability of operation is maintained uncondition 
ally since each of the two adaptive controllers (for closed 
loop gain regulation and for predistortion) operates inde 
pendently within a designated time-slot and is responsible 
for a different Section of the adaptive linearization loop. 
0017 Cancellation of lower-frequency system impair 
ments affecting the magnitude and phase Stability of the 
adaptive feedback Signals is achieved using faster estimation 
of the average closed-loop System gain to provide gain- and 
phase-normalized feedback Signals for estimation of the 
transmitter nonlinearity. Normalization of the adaptive feed 
back Signals is achieved for the average Signal values while 
the instantaneous ones can be Subjected to random linear 
magnitude and phase variations. The lowest frequency of the 
variations is equal to the frequency of closed-loop gain 
estimation performed by the gain regulation controller, 
termed here 'chopping frequency, which is normally Set to 
be more than 2 decades larger than the cut-off frequency of 
the predistortion controller. Reduction of the complexity of 
the predistortion controller is achieved by using phase 
normalized feedback Signals to help minimize the overall 
increase of System complexity due to the gain regulation 
controller. 

0018. In a further embodiment means are provided for 
reduced Sensitivity to multi-channel transmitter impairments 
Such as gain imbalance, phase imbalance and DC level bias 
as well as to transmitter nonlinearity. Four banks of real gain 
elements are inserted before a baseband input of a nonlinear 
transmitter to realize an arbitrary Step-wise approximation of 
a generalized 2x2 transmit gain matrix of nonlinear func 
tions. For each Sample of the input signal a corresponding 
matrix of four gain elements is Selected to form a predis 
torted Signal with in- and quadrature-phase components, 
which are independently created as linear combinations of 
the input in-phase and quadrature Signal components. 

0019. A law of selecting the gain elements from the 
predistortion banks may not be unique, meaning that the 
Same gain element can be predistorting input signal Samples 
of different value. The DC level of the predistorted signal is 
shifted in a DC offset compensation block located before the 
transmitter input. 
0020. The adaptive loop is closed between the inputs of 
the predistortion gain banks and the output of the transmitter 
at an adaptive controller that is the Subject of this disclosure. 
The forward branch of the loop is connected directly to the 
System input. The feedback branch of the loop is connected 
to the transmitter output through a linear receiver So that a 
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baseband version of the output RF transmitted signal is 
provided to the adaptive controller. 
0021. The architecture of the linear receiver is selected to 
minimize introduction of unknown channel imbalance and 
crosstalk errors or DC level bias to the feedback branch of 
the adaptive loop So that effective channel impairment and 
DC level bias compensation are provided at the transmitter 
output. The adaptive controller is composed of four banks of 
real-number linear adaptive controllers, which continuously 
adjust the values of their corresponding gain elements from 
the predistortion banks as well as of a complex-number 
linear adaptive controller for the update of the two DC offset 
compensation values. An initial condition for convergence 
of the adaptive controller is that the phase shift of the input 
Signal measured at the feedback input of the adaptive 
controller be bounded between -45 and 45 deg over full 
dynamic range at Start-up. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0022 FIG. 1 is a block diagram of a transmitter linear 
ization loop having gain regulation in a transmitter Section. 
0023 FIG. 2 is a block diagram of an alternative trans 
mitter linearization loop having gain regulation in a trans 
mitter Section. 

0024 FIG. 3 is a block diagram of transmitter lineariza 
tion loop having gain regulation in a feedback branch of a 
linearization loop. 
0.025 FIG. 4 is a block diagram of an alternative trans 
mitter linearization loop having gain regulation in a feed 
back branch of a linearization loop. 
0.026 FIG. 5 is a block diagram of a transmitter linear 
ization loop having gain regulation in a forward branch of 
the linearization loop. 
0.027 FIG. 6 is a block diagram of an alternative trans 
mitter linearization loop having gain regulation in a forward 
branch of the linearization loop. 
0028 FIG. 7 is a block diagram of an adaptive control 
loop for a nonlinear transmitter. 
0029 FIGS. 8A and 8B are a block diagram of an 
adaptive controller for a nonlinear transmitter. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0.030. In the following description, reference is made to 
the accompanying drawings that form a part hereof, and in 
which is shown by way of illustration specific embodiments 
in which the invention may be practiced. These embodi 
ments are described in Sufficient detail to enable those 
skilled in the art to practice the invention, and it is to be 
understood that other embodiments may be utilized and that 
Structural, logical and electrical changes may be made 
without departing from the Scope of the present invention. 
The following description is, therefore, not to be taken in a 
limited Sense, and the Scope of the present invention is 
defined by the appended claims. 

Adaptive Linearization Controller with Reduced 
Sensitivity to System Impairments: Gain, Phase or 

Frequency Variation 
0.031) An adaptive transmitter linearization loop 100 in 
FIG. 1 provides effective cancellation of gain, phase or 
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frequency variations in adaptive loops for transmitter lin 
earization, which are composed of two branches: a forward 
105 and a feedback branch 106 propagating respectively the 
input and the output signals of the transmitter 110. The 
feedback branch 106 includes a linear receiver 115 respon 
Sible for down-converting the transmitted Signal to the 
format of an input signal 120. Prior to transmission, the input 
Signal is Subjected to nonlinear complex-number amplifica 
tion in a predistortion functional block 125. Compensation 
of the linear variations in the adaptive loop is achieved using 
a complex gain regulation functional block 130 that per 
forms additional Scaling of the Signal in the feedback branch 
106 of the adaptive loop. The predistortion block 125 is 
controlled by an adaptive predistortion controller 135, which 
is responsible for the estimation of the nonlinearity present 
in the adaptive loop. The gain regulation block 130 is 
controlled by an adaptive gain controller 140 responsible for 
the estimation of the inverse linear gain of a Section of the 
adaptive loop located between the output of the gain regu 
lation block 130 and the feedback branch 106. The gain of 
the gain regulation block 130 is controlled in such way that 
the linear gain of the cascaded gain regulation block, non 
linear transmitter and linear receiver is unity. As a result, the 
Short-term average levels of the Signals at the inputs of the 
predistortion controller 135 (measured over a period that is 
much shorter than the fastest Settling time of the predistor 
tion process) are equal. Thus, the transmitter nonlinearity as 
well as its corresponding predistortion function and respec 
tively predistortion gain are estimated with unity mean 
magnitude and Zero mean phase. The two controllers are 
allowed to operate in non-overlapping time-slots that are 
designated to them by a time-division multiplexer 150. 
0032. Alternatives for reducing linearizer Susceptibility 
to gain, phase or frequency instability are illustrated by three 
system architectures presented on FIGS. 1, 3 and 5. They all 
employ the same principle of operation and the same types 
of functional blocks but use different positions of the com 
pleX gain regulation element providing impairment compen 
sation. Any of the three architectures is composed of the 
following functional blocks: 

0033 (a) adaptive loop 100 encompassing the nonlin 
ear transmitter via two branches: a forward branch 105 
that propagates the input signal S at 120 and a feed 
back branch 106 that propagates the output Signal of the 
transmitter Sout; 

0034 (b) linear receiver 115 responsible for down 
converting the transmitted Signal to the format of the 
input signal in the feedback branch of the adaptive 
loop; 

0035 (c) predistortion functional block 125 perform 
ing nonlinear complex-number amplification of the 
input Signal prior to transmission; 

0036) (d) complex gain regulation functional block 
130 performing appropriate Scaling of the Signal in the 
feedback branch of the adaptive loop, or of the predis 
torted Signal before entering the transmitter or of the 
input Signal propagating through the forward branch of 
the adaptive loop; 

0037 (e) adaptive predistortion controller 135, which 
is responsible for the estimation of the normalized 
nonlinearity of the adaptive loop caused by the trans 
mitter as well as for the control of the predistortion 
block 125; 
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0038 (f) time-division multiplexer 150 synchronizing 
time-slots designated for the predistortion process and 
the gain regulation process. 

0039. A major difference between FIGS. 1, 3 and FIG. 5 
is in terms of the adaptive controller specifying the gain of 
the gain regulation block 130. The architectures from FIGS. 
1 and 3 contain an adaptive gain controller 140, which is 
responsible for the estimation of the inverse linear gain of a 
portion of the adaptive loop 100 located between the output 
of the predistortion block 125 and the feedback branch 106 
excluding the gain regulation block. The architecture from 
FIG. 5 includes an adaptive gain controller 141 estimating 
the linear gain of this portion. 
0040. A new set of architectural options is illustrated in 
FIGS. 2, 4 and 6 that contain functional blocks, which are 
very similar to the ones from their respective counterparts 
FIGS. 1, 3 and 5. They demonstrate the same operational 
properties and can be constructed by attaching the inputs of 
the adaptive gain controllers 140 or 141 to the forward 
branch 105 and the feedback branch 106 of the adaptive loop 
100. Then, the linear gain or the inverse linear gain of the 
entire adaptive loop including the predistortion block are 
Subjected to estimation and normalization. 
0041 Various features of the abovementioned architec 
tural options to build an adaptive linearization controller 
with reduced Sensitivity to System impairments are Summa 
rized below. 

0.042 FIG. 1 realizes cancellation of the linear system 
impairments using the gain regulation block 130 inserted 
between the predistortion block 125 and the nonlinear 
transmitter 110. The gain regulation block 130 is controlled 
by the adaptive inverse loop gain controller 140 in such way 
that its gain is equal to the inverse of the linear gain of the 
cascaded nonlinear transmitter 110 and linear receiver 115 
blocks. The signal of the feedback branch 106 s is 
Subjected to unity average magnitude gain and Zero mean 
phase offset caused by impairments in the transmitter 110 or 
receiver 115 sections of the system. Then, the adaptive 
predistortion controller 125 estimates a nonlinear gain of 
unity mean over dynamic range utilizing the input signal to 
the transmitter S at 120 and a normalized version of its 
output Signal S, at 106. The linear gain of the adaptive loop 
sectioned between the output of predistortion block 125 and 
the feedback branch 106 is maintained close to unity, i.e. the 
System that is seen by the adaptive predistortion controller 
has an average gain of unity. 

0043. In FIG. 2, gain regulation is provided by inverse 
gain estimation of the full adaptive loop, including the 
predistortion block section 125. It has no functional differ 
ences with respect to the FIG. 1 given the unity mean gain 
of the predistortion block 125 and may require leSS proceSS 
ing complexity for Signal Synchronization in the adaptive 
controllers because both (135 and 140) of them utilize the 
Same Signal inputs. 
0044) In FIG. 3, gain regulation is provided at the 
feedback branch of the linearization loop 106. Impairment 
cancellation is implemented in a very similar way although 
having a different location of the gain regulation block 130, 
which in this case is positioned after the linear receiver. 
Again, the adaptive predistortion controller 135 estimates a 
nonlinear gain of unity mean over dynamic range utilizing 
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the input signal to the transmitters at 120 and a normalized 
version of its output signal S, at 106. Normalization of the 
feedback Signals, is achieved through inverse modeling of 
the linear gain of the cascaded nonlinear transmitter and 
linear receiver Sections. Similarly to the previous option 
from FIG. 1, the adaptive predistortion controller 135 sees 
a System of unity average gain that encompasses the Section 
of the adaptive loop between the output of predistortion 
block 125 and the feedback branch 106. 

0045. In FIG. 4, inverse gain estimation of the full 
adaptive loop including the predistortion block 125 is pro 
vided similarly to FIG. 3. It has no functional differences 
with respect to the architecture form FIG. 3 given the unity 
mean gain of the predistortion block and may require leSS 
processing complexity for Signal Synchronization in the 
adaptive controllers because both of them (135 and 140) 
utilize the same signal inputs. 
0046 FIG. 5 provides gain regulation at the forward 
branch of the linearization loop 105. Linear impairments are 
cancelled indirectly by creating their replicas in the forward 
branch of the adaptive loop. Thus, the same impairment 
would appear at both inputs of the adaptive predistortion 
controller 135 and have a minimal effect on the predistortion 
process. The gain regulation block 130 is placed in front of 
the forward input of the adaptive predistortion controller 
135. The latter is responsible for the estimation of a non 
linear gain of unity mean over dynamic range utilizing a 
normalized version of the input Signal to the transmitter Sr. 
at the output of the gain regulation block 130 and a feedback 
Signal from its output S, at 106. Here, the normalization of 
the input signal S. at 120 is achieved through classical 
adaptive modeling of the linear gain of the cascaded non 
linear transmitter 110 and linear receiver 115 blocks, where 
the normalization is it with respect to the Short-term average 
level of the feedback signal at 106 (for a definition of 
short-term see the explanation of FIG. 1 at the beginning 
of this SubSection). Note, that the linear gain of the Section 
of the adaptive loop between the output of predistortion 
block 125 and the feedback branch 106 is not necessarily 
maintained close to unity. 
0047 FIG. 6 has no functional differences with respect to 
FIG. 5 given that the predistortion block 125 has no impact 
on the average gain of the adaptive loop 100 as long as its 
gain is of unity mean over dynamic range. This System may 
feature Smaller number of functional elements implementing 
Signal Synchronization in the adaptive controllers 135 and 
141 because of Signal reuse at their forward Signal inputs and 
fixed delay difference between them. 
0048. In the architectural options from FIGS. 1-4, the 
signal at the feedback branch 106 of the adaptive loop 100 
is normalized with respect to the input signal at 120. In the 
architectural options from FIGS. 5 and 6, the signal at the 
forward input of the adaptive predistortion controller 135 i 
is normalized with respect to the Signal at the feedback 
branch 106. The frequency of multiplexing is chosen to be 
approximately at least 2-3 decades away from a cut-off 
frequency of the predistortion controller. The Settling time of 
the gain controller is Smaller than the duration of its desig 
nated time-slot in one embodiment. 

0049 Linear impairments such as gain, phase or fre 
quency instability in the nonlinear transmitter 110 or the 
linear receiver 115 cause magnitude and phase variation in 
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the adaptive feedback of a System for transmitter lineariza 
tion. The proceSS can be modeled by multiplying an ideal 
downconverted output signal of the nonlinear transmitter 
s' with no incurred impairments by a random complex 
number Ging: 

Sri-St. Gi(t); Mean Giml=const1, Meanangle 
Cicons: for Osts Tsw 1. 

0050 where s is the real-system downconverted output 
Signal of the nonlinear transmitter; and the impairment 
factor G, has constant mean magnitude and phase over 
certain period of time T called Switching period. The mean 
values of the impairment factor depend on the Statistical 
distribution of the Signal Samples, on the shape and the type 
of transmitter nonlinearity and on the Statistical averages of 
the impairments. In case that Zero mean impairments affect 
the System blocks after the transmitter, const1=1 and 
const2=0. The system architectures shown in FIGS. 1-6 
employ the Same principle of operation based on linear 
adaptive modeling of the cascade composed of the nonlinear 
transmitter 110 and the linear receiver 115 providing adap 
tive feedback: 

0051) G =Mean[G,G,G, 2 
0.052 where G is the modeled system gain; MeanG) is 
the average linear gain of the nonlinear transmitter that is a 
function of the Statistical distribution of the input Signal 
Samples, the transmitter nonlinearity and composite gain of 
the linear functional blocks in the transmitter; and G is the 
gain of the linear receiver. The goal of the gain regulation 
block is to scale the signal at the feedback 106 or the forward 
105 branches of the adaptive loop 100 respectively by the 
reciprocal (inverse) or the current value of G. So that any 
Signal variations caused by average gain instability in the 
loop are not visible at the inputs of the adaptive predistortion 
controller. For architectural options in FIGS. 1-4, this is 
described by 

Sir NLISpal G.L.G., "snLISpal errep-04 sin–NL 
spal (2a) 

0053 and for architectural options in FIGS. 5 and 6, it is 
formalized by 

Sarwisp. CL errep=0g)SinG=NLsdl-Glassin–NL 
spal (2b) 

0.054 where NLI is a nonlinear function of the predis 
torted input signals of unity mean over statistical dynamic 
range representing the transmitter nonlinearity, Sr., and Sr. 
are respectively the normalized (by the gain regulation block 
130) feedback and input signals; G"'=1/G is the inverse 
of the linear System gain GL; and erre is the error signal 
driving the convergence of the predistortion process towards 
an optimum. 
0.055 The founding assumption of the proposed method 
is that the linear System gain Gremains constant during the 
Switching period T. Then, the minimal frequency of 
re-estimation of G that guarantees no additional loSS of 
accuracy is 1/T. The time available to the adaptive gain 
controller (either the inverse loop gain one 140 from options 
in FIGS. 1-4, or the forward loop one 141 from the option 
in FIGS. 5-6) for update of the gain regulation block 130 is 
less than T, while the remaining of the Switching period is 
used by the adaptive predistortion controller 135. A practical 
value for loop gain estimation time, that would reduce the 
convergence/tracking Speed of the predistortion proceSS by 
a half, is TA2. 
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0056. The proposed systems demonstrate increased 
robustneSS due to two main reasons. First, the principle of 
Separation of the two adaptive controllers by Space, e.g. the 
two controllers (the predistortion one and the gain one) 
estimate different Sections of the adaptive loop, and by time, 
e.g. the two controllers never work Simultaneously, provides 
increased Stability margins. It must be noted that this is 
completely true only for the systems from FIGS. 1, 3 and 5 
since the full-loop versions of these systems (see FIGS. 2, 
4 and 6) do not feature separation by Space. Instead, their 
gain controllers have the benefit of estimating linearized 
Systems and, therefore, can provide more accurate gain 
regulation and respectively signal normalization. The errors 
of loop gain estimation are not critical to the predistortion 
process (as long as they are kept within reasonable limits) if 
the Switching period T is at least 2 to 3 orders of magni 
tude Smaller than the fastest Settling time of the predistortion 
controller. Thus, there is Sufficient Separation between the 
frequency band of Self-inflicted System noise and the pre 
distortion bandwidth. 

Adaptive Linearization Controller with 
Multi-Channel Impairment Compensation: Gain 
Imbalance, Phase Imbalance, or DC Level Bias 

0057 Details regarding adaptive controller operation of 
one embodiment is described with reference to FIGS. 7 and 
8. The adaptive controller is composed of four banks of 
real-number linear adaptive controllers, which continuously 
adjust the values of their corresponding gain elements from 
the predistortion banks as well as of a complex-number 
linear adaptive controller for the update of the two DC offset 
compensation values. The following advantages may be 
provided in different embodiments. 
0058 Simultaneous linearization and compensation of 
channel impairments leads to efficient System implementa 
tion. More accurate channel impairment compensation is 
provided by using general nonlinear models. Integration of 
the optimization processes for transmitter linearization and 
channel impairment compensation allow efficient imple 
mentation with a single nonlinear adaptive controller. 
Straightforward architectural upgrade for multi-channel 
transmitters is available by a trivial increase of the number 
of processing units while preserving the main properties of 
the predistortion methods described herein. 
0059. In further embodiments, no coordinate system or 
format transformations of the input Signals are required for 
implementation of the control algorithms. No division 
operations involving the input, feedback or error Signals are 
required, reducing computing complexity. The adaptive con 
troller also reduces dependence on the Statistics of the input 
Signal, and no use of Special calibration or tuning Sequences 
before or during transmission is required. 
0060. The proposed controller architecture is applicable 
to the linearization and channel impairment compensation of 
radio transmitters employing quadrature amplitude modula 
tion, which are predominantly frequency non-Selective in a 
narrow bandwidth around the RF carrier that measures four 
to five times the double-sided baseband bandwidth of the 
transmitted Signal. 
0061 The linearization method tolerates different classes 
of final power amplifier Stages (for example. A, AB or B) if 
the output signal distortion caused by them is memoryleSS, 
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i.e. it can be modeled with Sufficient accuracy using an 
arbitrary function of the instantaneous input signal param 
eterS. 

0062) The channel impairment compensation provides 
effective memoryleSS equalization of imbalanced signal 
amplification and cancellation of DC level bias incurred 
during digital-to-analog conversion or quadrature modula 
tion as well as elimination of leakage between the quadra 
ture Signal channels. 
0.063 A high-level block diagram of a baseband adaptive 
control System for transmitter linearization using the Sug 
gested controller architecture is presented in FIG. 7. In the 
case of linearization of a QAM radio transmitter, four banks 
710 of real predistortion gain elements 712, 714, 716, and 
718 are inserted before the baseband input 120 of the 
nonlinear transmitter 110 to realize an arbitrary step-wise 
approximation of a 2x2 transmit gain matrix modeling the 
generalized nonlinear transmitter gain. For each Sample of 
the input Signal S; at 120 a corresponding matrix of four 
predistortion gain elements is Selected by gain element 
selector 719 to form a predistorted signals at 720 with 
in-phase and quadrature components that are independently 
created as linear combinations of the input in- and quadra 
ture-phase Signal components as controlled by in-phase 
Signal Selector 721 and quadrature-phase Selector 722. In 
phase Signal Selector 721 is coupled to in-phase gain ele 
ments 712 and quadrature-phase crosstalk gain elements 
716. Quadrature-phase signal selector 722 is coupled to 
in-phase crosstalk gain elements 714 and quadrature-phase 
gain elements 718. A signal component combiner 723 com 
bines the added together outputs of the in-phase gain ele 
ments 712 and 714 with the added together outputs of the 
quadrature-phase gain elements 716 and 718 to form the 
predistorted signals at its output 720. 
0064. The selection of the predistortion gain elements 
may not be unique with respect to the predistortion gain 
banks, meaning that the same gain element can be predis 
torting input signal Samples of different value. This condi 
tion allows the predistortion gain banks 710 to be of finite 
Size and, therefore, be implementable in hardware when 
approximating arbitrary predistortion functions of input Sig 
nals having infinite number of States (e.g. as in the case of 
QAM transmitters). The transmitted signal stx at the input of 
the nonlinear transmitter 110 is a DC-offset version of the 
predistorted signals at 720 formed by adding DC level 
shifts to its in- and quadrature-phase Signal components. 
0065. The adaptive loop is closed between the inputs of 
the gain banks and the output of the transmitter at an 
adaptive controller 725. The forward branch of the loop 105 
is connected directly to the System input at 120 and accepts 
the input Signal to the transmitter St. The feedback branch 
of the loop 106 is connected to the transmitter output 
through a linear receiver 115 So that a baseband version, Sr., 
of the output RF transmitted Signal S is provided to the 
adaptive controller 725. In one embodiment, the phase shift 
of the input Signal measured at the feedback input of the 
adaptive controller is bounded between -45 and 45 deg over 
full dynamic range at Start-up. 

0066. The architecture of the linear receiver 115 in feed 
back is designed to minimize contribution of unknown 
channel imbalance and crosstalk errors or DC level bias to 
the feedback branch 106 of the adaptive loop in order to 
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achieve effective channel impairment and DC offset com 
pensation at the transmitter output. 

0067. The adaptive controller 725 contains four banks of 
real-number linear proportional-integral (PI) controllers, 
which continuously adjust the values of their corresponding 
gain elements from the predistortion banks as well as a 
complex-number linear PI controller updating the DC offset 
compensation value 735 which is combined with the pre 
distorted signals at 720. 
0068 FIGS. 8A and 8B together show a functional 
diagram of the adaptive controller 725, which employs two 
inputs and as many outputs as the number of gain elements 
in the predistortion gain banks plus a separate output 735 for 
the DC offset compensation adder. Structurally, it is divided 
in three sections: parametric information conditioner 810, 
four banks of linear PI controllers 815, and a linear PI 
controller 820 for DC offset compensation. The functional 
blocks (FBs) from the first and the third sections operate 
over the full dynamic range of the input Signal. The Second 
Section can be viewed as a Waffle Structure with each layer 
containing an identical set of functional elements (FES) 
necessary to compose a Single PI controller from the bank. 
Identical FEs from different layers, i.e. belonging to different 
PI controllers from a bank-FB. The layer that processes a 
particular combination of input Samples is chosen by a 
controller selection FB 822 in the conditioner section 810. 

0069. The second section of the controller is described by 
the Structure and relationships among the FES of a Single 
layer. Prior to reaching the PI controllers 815, the input 
Signals at 120 is Synchronized with the feedback signal Sib 
at 106 in a delay FB 824. The delay FB accounts for the 
finite propagation Speed of the input Signal through the 
predistortion gain bankS 710, the Signal component com 
biner 723, the DC offset adder, the nonlinear transmitter 110, 
and the linear receiver 115 until it reaches the adaptive 
controller 725 as shown in FIG. 7. 

0070 Following synchronization, the feedback signal is 
Subtracted from the input Signal at 826 to produce a complex 
error Signal which is directly used as an input to the DC 
offset compensation PI controller 820 and, also, after phase 
normalization to form four error Signals for the gain con 
troller banks 815. 

0071. The phase-normalized in-phase error signal is 
created from the product of the real part of the complex error 
created by the real error selection FB 832 and the quantized 
in-phase component of the input signal created by the 
in-phase signal quantization FB 838. In the simplest and 
preferred case of 1-bit quantization the Second factor has a 
value of -1 for negative Samples and 1 for positive ones. 

0072 The phase-normalized in-phase crosstalk error sig 
nal is created from the product of the real part of the 
complex error at 832 and the quantized quadrature-phase 
component of the input Signal created by the quadrature 
phase Signal quantization FB 834, where 1-bit quantization 
is preferred too. 

0073. The phase-normalized quadrature-phase crosstalk 
error Signal is created from the product of the imaginary 
part of the complex error created by the imaginary error 
selection FB 836 and the quantized in-phase component of 
the input signal at 838. 
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0.074 The phase-normalized quadrature-phase error sig 
nal is created from the product of the imaginary part of the 
complex error at 836 and the quantized quadrature-phase 
component of the input Signal at 834. 

0075) The complex error is processed by the DC offset 
compensation PI controller 820 in two steps: (1) scaling that 
implements the proportional part of the control function and 
(2) accumulation that implements the integral part of the 
control function, performed respectively by the error Scaling 
840 and error accumulation 842 FBS of this section. The 
initial state of the error accumulation FB is specified in the 
accumulator initialization FB 844. 

0.076 The samples of the four real error signals are 
distributed to a particular layer of linear PI gain controllers 
after a choice is made by the controller selection FB 822 
from the parametric conditioner Section. Each of the Samples 
is propagated to an error scaling FE 852, 854,856 and 858 
and then to an error accumulation FE862, 864, 866, and 868 
realizing respectively the proportional and the integral parts 
of the control function. The scaling values of the error 
Scaling FES are multiplied by a factor that is the reciprocal 
of the probability of their selection. Such normalization of 
the error Scaling is intended to provide Same bandwidth of 
the adaptation processes for all controller layers, meaning 
that all gain elements from the four predistortion banks (see 
FIG. 7) have very similar adaptation time constants. The 
initial states of the error accumulation FES in all PI control 
ler banks are independently Set by their corresponding 
accumulator initialization FEs 872, 874, 876 and 878. The 
four PI controller outputs of a particular layer define a 2x2 
matrix of real gain values, which determine the generalized 
predistortion gain applied to the input signal utilizing a 
matrix of four gain elements from the gain banks, shown in 
FIG. 7. 

Model of Nonlinearity and Channel Impairments 

0077. An indication for minimal amount of nonlinear 
distortions caused to a signal by an RF transmitter could be 
a close match between the input (baseband) signal to this 
transmitter and a feedback Signal, which is a downconverted 
and sampled version of the signal at its output. (see FIG. 7). 
Then, the narrowband spectrum of the RF transmitted signal 
would be very similar to the double-sided baseband spec 
trum of the input signal provided that the receiver is distor 
tionless. Therefore, the criterion of the optimization of a 
predistortion gain block inserted before the transmitter, 
which is carried by an adaptive linearization controller can 
be defined as: 

SinsSib{d Sin-Srb 'O 3 

0078 where S and S are complex number parameters 
with real and imaginary parts modeling respectively the in 
and quadrature-phase components of the input and feedback 
Signals of the linearization System. This criterion is met if the 
overall gain of the cascaded bank of complex-valued pre 
distortion gain elements composing the predistortion gain 
block, the nonlinear transmitter and the linear receiver 
providing an adaptive feedback is unity. If the receiver gain 
is chosen to be 1 for Simplicity of explanation, then, the 
values of the predistortion gain bank approximate the 
inverse transmitter gain: 

Gr(G.)" 4 
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0079) where Ga is a continuous function interpolation of 
the complex values Stored in the predistortion bank and G 
is the complex nonlinear transmitter gain. 

0080 Such a complex-valued function model of a pre 
distortion gain is accurate only as first-order approximation 
of the memoryleSS Signal transformations taking place in the 
adaptive loop. Further Sophistication of the model is needed 
if some hardware impairments of the QAM transmitters are 
considered Such as gain imbalance of the in-phase and 
quadrature channels or croSStalk interference between them. 
Effect of Such impairments can be modeled using a 2x2 gain 
matrix Gst imb crt 

Gimber : |C. Gr, G. G. inap 

0081 which is applied to modify the in-phase, Res), 
and quadrature-phase, Ims, components of the transmit 
ted signal at the input of the nonlinear transmitter 110s (see 
FIG. 7): 

inp inp : inp SE" = Res" + i Ims." 

Res." C. Gr TG, G; Imst, iP) inap ImSE 

inp A to 
St. AGimb crt St. 

0082) where G, G, are real-valued nonlinear func 
tions of the transmitted Signal with values close to 1 that 
account respectively for the ratio between the measured in 
and quadrature-phase channel gains over dynamic range and 
a given constant reference; G, G, are real-valued non 
linear functions of the transmitted Signal with values close to 
0 that model the isolation between the in- and quadrature 
phase channels by Specifying the magnitude and Sign of the 
inter-channel leakage over dynamic range; S." is a com 
plex number parameter modeling a Sample of the transmitted 
Signal that is distorted by gain imbalance and crosstalk 
impairments. 

0083) The empty dot symbol “o in the Eqs. (5) denotes 
an operator performing Scaling of a complex number S=a+b 
by a matrix of nonlinear functions M which is executed in 
three Steps: 

0084 constructing a 2x1 matrix from the real and 
imaginary parts of the Signal Sample 
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0085 performing a matrix multiplication as shown 
in the Second of Eq.S. (5), i.e. 

= M = C, 

0086) The matrix multiplication Step involves a 
Sub-step of Specifying the values of the four real 
numbered functions of the input complex number S 
which form the elements of the scaling matrix M: 

M - E. E. "M, (s) Ma(s) 

0087 retrieving the real and imaginary parts of the 
distorted signal Sample S=c+j.d from the 2x1 matrix 
product obtained in the previous Step. 

0088. The complex-valued transmitter gain G used tra 
ditionally to model the transmitter behavior can be equiva 
lently represented in the Sense of Eqs. (5) using matrix 
notation: 

Re|Gal-Im Gal Im|G, Re(G) 

0089 where each of the four matrix elements is a real 
valued nonlinear function of the transmitted Signal. 
0090 Let the channel impairments originate at the input 
of the transmitter 110. Then, the signal at the feedback 
branch 106 is related to the transmitted signal, which is first 
distorted by the channel impairments and afterwards ampli 
fied by the nonlinear transmitter gain. This Signal transfor 
mation is modeled using two empty dot operators 

Sp-soul-Gro (Gimb cir Six) 6 

0.091 which can be substituted by a single dot operator 
with elements including a generalized 2x2 transmit gain 
matrix Gs in and the transmitted signal S: 

sn-(Gr8Gimp cosin-Gis imposin 
0092) is equal to the nonlinear matrix 
product & of G, and Gin, s and is composed of four 
elements that are real-valued nonlinear functions of S. 

where Gis in 

0093. The nonlinear matrix product operator is defined as 
the product of two matrices A and B the elements of which 
are nonlinear functions with related arguments: 

A11 (g(s)) E. A X B = 
A21 (g (S)) A22(g (S)) 

B(S) B12(S) , g(s) = Bo B2 (S) C g(S) = BoS 

0094) where the argument of the elements of matrix A is 
a complex-valued function, g(), of the elements of matrix B 
and their argument S. Note, that in the general case the 
factors of the nonlinear matrix product are not eXchangeable, 
i.e. in the general case A&BzB8A. 
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0095 The above definition of the generalized transmit 
gain matrix was derived assuming channel impairments that 
originate at a single location at the transmitter input. Nev 
ertheless, it can be shown that a similar 2x2 matrix models 
accurately the effect of multiple points of channel impair 
ments with arbitrary distribution throughout the transmitter 
chain, i.e. the matrix resulting from the embedded nonlinear 
matrix products will have four elements that are nonlinear 
functions of the transmitted Signal StX. 
0096. Similarly to Eq. (4), linearization of the feedback 
Signal and eventually of the transmitted Signal is achieved 
when the input signal is predistorted using a generalized 
matrix gain Gaspecified as a continuous approximation of 
the inverse of the transmitter gain matrix G : imp 

Gis im86-1 <>Gr-GR im', I=unity matrix 7 
0097. The matrix inversion operation is to be regarded in 
the Sense of the above-defined nonlinear matrix product. 
Note, that the argument of the nonlinear functions forming 
the elements of the gain matrices is the input Signal to the 
adaptive loop at 120 s (see FIG. 7). 
0098. The sufficient conditions for optimal transmitter 
linearization from Eq. (7) can be unambiguously fulfilled by 
processing the feedback signals at 106 if unknown channel 
impairments are present only in the nonlinear transmitter 
and, respectively, the linear receiver Sections of the adaptive 
loop 115 contribute only known amounts of channel imbal 
ance and crosstalk. 

0099] It has been shown that memory less transmitter 
nonlinearity can be modeled with Sufficient accuracy using 
complex functions of the amplitude of the input Signal to the 
adaptive loop 

G = Ga(sin). 

0100 Extension of the classical memory less gain-based 
model to a memoryleSS generalized gain model of nonlin 
earity is Straightforward when using the matrix notation 
introduced in the previous paragraph (see Eqs. (5) and (6))- 

Go imp = Go imp(sin I). 

0101) The generalized transmitter gain matrix Gs in is 
regarded here as a matrix of four real-valued nonlinear 
functions of a real argument. Since the generalized predis 
tortion gain Gra is an approximation of the inverse of the 
generalized transmitter gain matrix Gs in (see Eq. (7)), it 
is also realized as a function of the input Signal magnitude 

God = Gpd(sin), 

0102) and its elements are implemented as four banks of 
real gain elements which are simultaneously addressed 
depending on the value of is 
0103) The implementation of accurate continuous 
approximation of arbitrary functions consumes significant 

in 
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resources in digital hardware. Hence, it is convenient to 
replace the continuous generalized predistortion gain func 
tion G() by a staircase matrix function that is composed 
of a set of four real staircase functions. The values of the 
original and its approximation are guaranteed to be the same 
only for a finite number of discrete values of the argument, 
which form a 1-dimensional grid. The value of the Staircase 
function for an argument that is off the grid is equal to the 
function value corresponding to the closest grid mark. 
0104. In the currently discussed linearization system, the 
grid information is contained in the gain selector 719 from 
FIG. 7 as well as in the controller Selection FB 822 from 
FIG. 8A. Both blocks have the same functionality, which 
can be Summarized as discrimination of the full dynamic 
range of the input signal in a finite number of magnitude 
bands. The number of magnitude bands is equal to the 
number of elements in the gain bank 710 from FIG. 7 and 
the controller bank 815 from FIG. 8B. If for a given 
dynamic range the number of bands is Sufficiently big, i.e. 
the Step of the grid is Sufficiently Small, the transmitter 
behavior can be approximated as linear for the Signal 
Samples belonging to one magnitude band. Thus, the Suffi 
cient condition from Eq. (7) can be approximated by: 

GEOR impxGopa-I-Goprl Goor impl S 
0105 where Gera is the generalized gain matrix stored 
in the k-th set of four elements in the gain banks 712, 714, 
716, 718; is in is the average generalized transmitter 
gain affecting the samples from the k-th magnitude band; 
and 

God = Avg|Gpd(1st in I)), Avg|Gpd(s(kin D = Gpd(Means(kin) 
st in = |sine magnitude band k, 

Meanlsgills magnitude of k" grid mark 

0106. Apparently, the statistical distribution of the input 
Signal magnitude within the band affects the uniformity of 
the approximation grid. The Staircase function approxima 
tion is done over a uniform grid only if the mean Signal 
magnitude coincides with the corresponding grid mark for 
each band. Therefore, in practice where the Signal distribu 
tion is normally a variable, the generalized predistortion 
function is non-uniformly approximated. 

0107 The task of the adaptive controller is to iteratively 
find Such values for the elements of the gain banks God so 
that the mismatch between the sides of Eq. (8) is brought as 
closely as possible to Zero for any k. AS long as the 
transmitter behavior is well-approximated as linear for each 
magnitude band, a matrix of four banks of linear adaptive 
controllers (see 815 in FIG. 8B) is suitable to perform a 
real-time optimization of the above equation. 

Model of DC Level Bias in the Transmitter 

0108). The effect of DC level bias in the nonlinear trans 
mitter is modeled by adding a complex number S of a 
certain value to the output signal: 

Sout-Gitx imp'Sixtsde 9 

0109 The offset term can be removed by adding another 
complex number to the transmitted Signal StX at the input of 
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the nonlinear transmitter (see FIG. 7). In the general case, 
the offset compensation value is not equal to the negated DC 
level bias, -s, given that the latter can originate at any and 
more than one node of the transmitter chain. The magnitude 
and the Sign of compensation for the in- and quadrature 
phase channels are determined by trials until the DC com 
ponents of the input and feedback Signals are matched. 
Considering the linear nature of the DC level bias, the search 
for optimal compensation values can be performed by a 
linear adaptive controller. 

0110. It is important to note that the DC level bias added 
to the input Signal by the nonlinear transmitter can be 
effectively removed if any contribution of the linear receiver 
section to the DC level bias of the feedback signal is known 
(see FIG. 7). Only then, the DC level bias term in the output 
Signal S. (see Eq. (9)) can be unambiguously estimated by 
processing the feedback signal St. 

Algorithm for MemoryleSS Linearization and 
Memory less Channel Impairment Cancellation 

0111. According to the model of nonlinearity and channel 
impairments discussed above the problem of memoryleSS 
transmitter linearization using a generalized predistortion 
gain matrix function is formalized by the following expres 
Sions (see Eq. (7)): G XGa=1 or equivalently by tX imp p 

Resin) = Resi, 
{ Imsi = Imst, 

0112 The matrix equation can be re-written as a system 
of four equations relating the elements of the generalized 
predistortion and transmitter gain matrices: 

II -ll 21 -12 G. : Gimp + G - Gimp = P1 = 1 10 
G. Glimp -- G. Glimp = p 12 = 0 
Gi. Gimp -- GGE imp = p2 = 0 
G - Gimp + G - Gimp = P2 = 1 

0113. The system of equations describing equality 
between the input and the feedback Signal can also be 
re-written using the models of generalized predistortion and 
transmitter gains: 

Resin) = (Resin): G + Imsil G). GE in + 
(Resin). Gi + Imsin G). G. tx imp = Resi, 
Im(s) = (Resil: G + Imsil G?). GE in + imp 

(Resin): G + Imsil G). GE in = Imsil tx imp 

0114) The last system of equations is equivalent to (see 
the p-parameters defined in the previous System of four 
equations (10)) 
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{ = Resi, p + Imsin. p12 = Resi, 11 
Imsi = Resin p2i + Imsi, p22 = Imst, 

0115 The systems of equations (10) and (11) constitute in 
a formal way the same fact that nonlinear transmitter is 
linear if p=p2=1 and p2=p1=0. 

0116. A sufficient and necessary condition for fulfillment 
of EqS. (11), and respectively of Eq.S. (10), can be derived 
form the system of equations (10) by multiplying both sides 
of its first and Second equations respectively by the in- and 
quadrature-phase components of the input Signal: 

p11 = 1 Resin) = Resilpi + Resil Imsil p12 
ge 

p12 = 0 Imsil Resin) = Im(s). Resi, p + Imsil: p12 
p2 = 0 { Imsi) = Re(sil p2i + Resil Imsil p22 

ge 

p22 = 1 Im(sin) = Im(sin). Resin) p2i + Imsin p22 

0117 which is equivalent to 

p1 = 1 {E Sir = Resin Resi, O ge 
p12 F Imsi Resi = Imsi Rest, 

Resil Imsi = Resil Imst, 
ge { Im(s) = Imsil Im(sp.) 

p2 = 0 
p22 = 1 

0118. In order to solve the last system of four equations 
with respect to the predistortion gain components it is 
Sufficient to Simultaneously provide cancellation of the four 
error Signals derived from the real and imaginary parts of the 
difference between the input and the feedback Signals: 

err E Resil (Resil-Resil) = 0 - adjust G. p1 = 1, 12 
err2 = Imsil (Resil-Resil) = 0 - adjust G. } p12 = 0 
err3 = Resi (Imsi - Imsi) = 0 - adjust G. p2 = 0, 
erra E Imsi (Imsi - Imsi) = 0 - adjust G } p22 = 1 

0119) The real part of this difference is scaled respec 
tively by the in- and quadrature-phase components of the 
input signal to form the first two equations. Its imaginary 
part is scaled the same way to form the third and fourth 
equations respectively. 

0120) The system of sufficient conditions for optimal 
transmitter linearization from Eq.S. (10) can be applied 
without change for the case of Staircase function approxi 
mation of the optimal generalized predistortion gain func 
tion (note the similarity between Eqs. (7) and (8)) just by 
adding the magnitude band designators (k) the signal and 
gain references. In this case, it is possible to find a numerical 
solution of the linearized Eqs. (12) if their right-hand sides 
are processed as error Signal inputs to four adaptive con 
trollers of proportional-integral (PI) type (see 815 in FIG. 

10 
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8B). Note, that the numerical procedure is convergent only 
if at Start-up the overall phase rotation of the predistorted 
signal spd at 720 (see FIG. 7) in the nonlinear transmitter 
and linear receiver is within the interval I-45; 45 deg, i.e. 
provided that the phase difference between the feedback and 
the predistorted Signals falls in this interval. 
0121 The first controller is guided by the first error 
equation to Search for an optimal value of the in-phase 
predistortion gains Gaopa", while the second controller is 
attached to the error Signal from the Second equation to 
provide an optimal value of the in-phase crosstalk predis 
tortion gains Gaopa". and so on for the third and forth 
controllerS delivering the quadrature-phase croSStalk and the 
quadrature-phase predistortion gains Gopa' and Gopa' 
respectively. 

0122) The four error signals from Eqs. (12) are created in 
the parametric conditioner 810 (see FIG. 8A). Quantization 
of the Res; and Imsi factors in error definitions (see the 
left-hand Sides of the equations) yields significant reduction 
of processing complexity needed for the implementation of 
the four multiplication operations. An appropriate quantiza 
tion Scheme, Such as the one resulting in a Simple CSD 
(canonic sign digit) format could replace the arbitrary mul 
tiplication with efficient shift-and-add operations. However, 
the realization of a sign-function (e.g. giving 1 for a positive 
number and Zero, and -1 for a negative number) using 1-bit 
quantization is an economical Solution, which to be imple 
mented requires only a negation and a 2:1 multiplexing 
operation. The 1-bit quantization Scheme shows larger peak 
to-peak deviation of the estimated predistortion gains com 
pared to the continuous representation which in most prac 
tical cases is Small enough not to cause measurable 
degradation of the over System performance. 
0123. Each of the four PI controllers performs magnitude 
normalization of its error input in order to provide indepen 
dence from the parameters of the input Signal in a Sense that 
all PI controllers have operating bandwidths that are not a 
function of the magnitude band number k. In fact, their 
bandwidths become proportional to the average transmitter 
gain in the magnitude band. In most practical cases the 
variation of the transmitter gain magnitude over dynamic 
range, i.e. its nonlinearity, is less than 20%, which allows the 
PI controllers to have similar bandwidths. Big differences 
between those bandwidths correspond to largely different 
adaptation time-constants that may result in twisting of the 
predistortion values of the gain bank over dynamic range 
and only partial transmitter linearization when the transmit 
ter nonlinearity changes faster than the slowest running PI 
controller. This type of normalization is realized in the error 
scaling FEs 852, 854, 856, 858 (see FIG. 8B) where the 
error Signals are first divided by the mean absolute magni 
tude of the in- and quadrature-phase components of the input 
Signal for the particular magnitude band. More specifically, 
the in-phase error and quadrature-phase crosstalk error are 
divided by the Squared mean absolute magnitude of the 
quadrature-phase component. The quadrature-phase error 
and in-phase crosstalk error are divided by the mean abso 
lute magnitude of the quadrature-phase component. These 
normalization factors are constants depending on the Sup 
ported dynamic range and grid. Importantly, in the case of 
1-bit quantization of the in- and quadrature-phase input 
Signal components before multiplication in the parametric 
conditioner section (see 836 and 838 in FIG. 8A) these 
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factors become reciprocal to the mean of the above absolute 
values, but not to their Squares. 
0.124. Afterwards, the error Signals are Scaled again by 
the probability of selection of this band, that is a continu 
ously estimated parameter (see 850 in FIG. 8B). Depend 
ingon the tolerable size of the difference among the band 
widths of the PI controllers (e.g. up to 2 times) the division 
operation can be implemented with lower precision as a 
Scaling operation using a finite Set (e.g. a set of 256 to 1024 
values) of CSD constants to approximate the full range of 
reciprocal probability values. Saturation of the magnitude 
error normalization may be considered for very Small 
denominator values in order to avoid noise enhancement 
effects. 

0.125. After magnitude normalization the complex errors 
are Subjected to further Scaling by a real factor u in the error 
scaling in the same FEs 852, 854, 856, 858 and then 
integration in the error accumulation FEs 862, 864, 866,868 
(see FIG. 8B): 

-l Yek) = Y(c) + plm errn(k) 

0.126 where u is the “adaptation step” for the controllers 
from the m-th bank (m can be 1, 2, 3, or 4 to refer to the 
in-phase, in-phase croSStalk, quadrature-phase croSStalk, or 
quadrature-phase controller bank respectively); Ye" is the 
output of the k-th controller from the m-th bank at the 
discrete time instant n; and err, is the magnitude-normal 
ized error corresponding to the k-th band of the m-th (See 
EqS. (12)). Typically the four controller banks use one 
adaptation Step it. 
0127. In the perspective of the adaptive loop including 
the PI controller bank 710 and the nonlinear transmitter 110 
(see FIG. 7), the effect of the accumulation is modified to 
the equivalent of a low-pass filtering operation described by 
the State-space equation for the forwards terms (1,1) and 
(2.2) (note that in the equations below the State variable 
input signal components are neglected assuming perfect 
magnitude normalization of the error Signals): 

invoc. x impl; 
Yn(k) (S) = f 

1 + invocets imply 
it. Sin ph(k)(s) 

0128 for ije 11,22}, m=i-j-1 
0129 and for the cross terms (1,2) and (2,1) by: 

invo. x imply 
1 
- S 
it. Sin ph(k)(s) 

Yn(k) (S) = 
1 + 

0130 for ije (12.21 
0131) where Y(s) is the state-space output of the k-th 
controller that Specifies the predistortion gain of the m-th 
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bank for the k-th magnitude band, Gord, Ynce(s): and 
inv denotes a matrix inversion operator. The signal param 
eter Sin he(s), which is set to one, represents the state 
Space image of the normalized modulus of the in-phase input 
signal component Resel for ije (11,12} or of the quadra 
ture-phase input signal component|Im(s) for ije{22.21}. 
In the case of partial error normalization including only the 
probability of controller Selection, it becomes a non-negli 
gible parameter accounting for the Squared input Signal 
components or their moduli if 1-bit quantization is per 
formed during formation of the error Signals in the para 
metric conditioner section (see FIG. 7). The operating 
bandwidths of the in- and quadrature-phase PI controllers 
are proportional to u/invCies ill-u and lu/invOce 
inlal-u, respectively, provided that the forward elements 
(1,1) and (2.2) of the generalized transmitter gain matrix are 
not far from unity. Similarly, the operating bandwidths of the 
crosstalk PI controllers are proportional to it independently 
from the cross elements (1,2) and (2,1) of the generalized 
transmitter gain matrix. 
0132) Conclusively, within its operating bandwidth the 
predistortion gain Gopd, exercised by the attached to it 
predistortion gain bank (see FIG. 7) is approximately equal 
to its corresponding element of the generalized transmitter 
gain matrix inverse invOce inli for a given magnitude 
band as required in Eq. (8). 

Algorithm for DC Level Bias Compensation 

0.133 Extraction of the DC components of the feedback 
Signal Sdc (see Eq. (9)) can be done by simple integration 
using an integrator accumulator with slope factor us: 

é - sic = - plac Sac 
ildc 

0.134 where s is Laplace's state-space variable. The idea 
behind the integration is to amplify infinitely the DC signal 
content at a rate proportional to us while Suppressing 
infinitely its high-frequency components. If the DC content 
of the input Signal is extracted the same way, then the 
difference between the two DC levels constitutes a good 
initial guess for Searching for the optimal value of DC offset 
compensation that takes place after the predistortion bank 
(see FIG. 7): 

0.135 The above equation describes the update rule of the 
linear PI controller for DC offset compensation 820 from 
FIG. 8B where DCcomp is its output signal in Laplace's 
State-space format and us defines the magnitude of Scaling 
in its error Scaling FB. The update rate of the offset com 
pensation values (the rate of iterative search for their opti 
mum) is proportional to us. 
0136. The goal of the PI controller is to zero the differ 
ence Signal Si-Sr. Over time using the adaptive loop. 
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Accordingly, the State-space equation of the input signal to 
the error accumulation FB modified by the loop is DC 
where 

er 

DCer(s) = Go imp. (sin - Sp) plac S 

0.137 The time-domain equivalent of the last equation is 
a decay exponential function, which models the return-to 
Zero-state trajectory of a PI closed loop. The bandwidth of 
the Suggested DC offset compensation algorithm is propor 
tional to u and is invariant with respect to the input signals 
to the controller. This is a logical result Stemming from the 
fact that this compensation algorithm is realized in a clas 
Sical control System but not in an adaptive one. In other 
words, the optimization goal is achieved using an appropri 
ately sized signal inverse of the targeted impairment that is 
combined with the input signal to the System instead of 
modifying the parameters of certain functional System 
blocks to cancel it. 

0.138. The adaptation step of the DC offset compensation 
controller u should be larger than the corresponding Steps 
of the predistortion PI controllers 815 (see FIG. 8B) u, in 
order to allow faster compensation of bias variations of the 
predistorted Signal that would otherwise require respective 
re-alignment of the predistortion gain banks and eventually 
might downgrade the linearization performance. 
0.139. It is important to note that the described DC offset 
compensation algorithm is unconditionally convergent only 
if the average phase rotation of the input signals (see FIG. 
7) in the predistortion banks, nonlinear transmitter and linear 
receiver is within the interval I-45; 45 deg, i.e. provided 
that the phase difference between the feedback signal at 106 
and the input signal at 120 falls in this interval. This 
condition is Satisfied after initial convergence of the predis 
tortion PI controller banks and is always maintained during 
their normal operation. 

Conclusion 

0140. A Summary of some of the main features of the 
proposed adaptive controller for linearization of a transmit 
ter with System impairments, which may be provided by 
Some of the embodiments, is listed below: 

0141 (a) distinction between the nonlinear and the 
linear transmitter impairments leading to efficient 
cancellation of the latter; 

0142 (b) extraction of the nonlinear component of 
the transmitter gain and its inverse in terms of a 
normalized predistortion gain (of Zero mean phase 
and unity average magnitude) allowing separate 
management of the linearization proceSS from the 
transmitter (bulk) power gain and average phase 
rotation; 

0143 (c) generality of the solution including inde 
pendence from the Signaling format, the adaptation 
algorithms and the adopted model of transmitter 
nonlinearity as well as no involvement of test 
Sequences or configurations, 
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0144) (d) simple real-time System management 
using time division multiplexing of functional blocks 
where the drawback is an increase of the Settling 
time of the linearization process that can be tolerated 
in most practical cases, 

0145 (e) simplified system design due to lower 
noise requirements, 

0146 (f) basis for simplified linearization process 
and, respectively, algorithms due to Signal normal 
ization. 

0147 Some of the embodiments of the proposed adaptive 
controller for linearization of a transmitter with multi 
channel impairments may demonstrate the following char 
acteristics: 

0148 (g) continuous estimation of the values of a 
matrix of n banks of real gain elements (called 
predistortion gain banks) that are cascaded with the 
linearized transmitter and provide approximation of 
the inverse generalized transmitter gain matrix, 
where the latter is defined as a nxn matrix with n 
equal to the number of independently transmitted 
phases of the input signal (for a QAM transmitter 
n=2) and is intended to model the overall nonlinear 
transmitter gain, the gain imbalance of the phase 
channels as well as the crosstalk among them; 

0149 (h) output distortion cancellation achieved 
using real-time optimization of the gains of the 
predistortion banks cascaded with the transmitter 
gain matrix in order to minimize the time-domain 
error measuring the difference between the input and 
output signals of this predistortion cascade, where 
the optimization data is processed in the format of 
the input signals to the transmitter and is not Sub 
jected to coordinate transformations, 

0150 (i) efficient and (noise) unbiased adaptation of 
the predistorter gain banks to their optimal States 
realized by n banks of linear adaptive controllers of 
proportional-integral (PI) type, where the adaptation 
proceSS is convergent if the initial phase of the 
time-domain adaptive error falls in the interval I-45; 
45 deg; 

0151 (j) efficient generation of phase normalized 
error signal inputs to the nPI controllers imple 
mented using the products of the Single-bit sign of 
the input signal phases and the time-domain adaptive 
error, 

0152) (k) independent operation of each of the linear 
PI controllers within a narrow dynamic range of the 
input signal and has a time-constant with Signifi 
cantly lower Sensitivity to changes of its power and 
Statistics, 

0153 (1) efficient and (noise) unbiased cancellation 
of DC level bias in the transmitter obtained using a 
Single linear PI controller combining the appropri 
ately accumulated time-domain adaptive error with 
the predistorted by the gain banks input Signal to the 
predistortion cascade. 
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0154) Both conceptual controller architectures targeting 
System and multi-channel impairments allow: 

0155 (m) efficient implementation in real-time digi 
tal hardware since only conventional Storage, addi 
tion, Scaling and multiplication operations are 
required for their physical realization. 

1. A controller having an adaptive linearization loop for a 
transmitter comprising: 

a gain regulator, and 
a predistortion block, wherein the gain regulator and 

predistortion block independently adjust linear and 
nonlinear gain values for the transmitter. 

2. The controller of claim 1 wherein the gain regulator 
approximates a linear gain of closed-loop adaptive linear 
ization of the transmitter or its inverse. 

3. The controller of claim 1 wherein the predistortion 
block approximates an inverse of a normalized transmitter 
gain. 

4. The controller of claim 1 wherein the gain regulator and 
predistortion block are controlled by adaptive controllers. 

5. The controller of claim 4 wherein the adaptive con 
trollers are Separate, and operate independently. 

6. The controller of claim 5 wherein the adaptive con 
trollers have different designated time slots, and are respon 
Sible for different Sections of the adaptive linearization loop. 

7. The controller of claim 1 wherein the controller is 
implemented on a single Semiconductor chip. 

8. A controller for a transmitter comprising: 
a first adaptive controller 
a Second adaptive controller 
means for estimating an average closed-loop System gain 

to provide phase normalized feedback Signals for esti 
mation of transmitter nonlinearity 

9. The controller of claim 8 wherein normalization of the 
feedback signals with respect to the input signals is per 
formed for average Signal values. 

10. The controller of claim 9 wherein a frequency of 
consecutive closed-loop gain re-estimation is approximately 
more than two decades larger than a cut-off frequency of the 
Second adaptive controller. 

11. The controller of claim 8 wherein the second adaptive 
controller comprises a predistortion controller that controls 
gain based on phase normalized feedback signals. 

12. An architecture for controlling the gain of a transmit 
ter, the architecture comprising: 

an adaptive loop coupled to the transmitter, the adaptive 
loop having a forward branch that propagates an input 
Signal, and a feedback branch that propagates a trans 
mitter output Signal; 

a linear receiver that converts the transmitter output 
Signal; 

a predistortion block providing nonlinear amplification of 
the input signal; 

a gain regulation block providing linear Scaling by a 
complex number; 

an adaptive predistortion controller that estimates normal 
ized nonlinearity of the adaptive loop and controls the 
predistortion block, 
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an adaptive gain controller that estimates linear gain and 
controls the gain regulation block, and 

a time-division multiplexer Synchronizing time-slots for 
adaptation of the predistortion block and of the gain 
regulation block. 

13. The architecture of claim 12, wherein the gain regu 
lation block is coupled between the predistortion block and 
the input of the transmitter. 

14. The architecture of claim 13 wherein the gain regu 
lation block provides a feedback Signal to the adaptive 
predistortion controller, which is normalized with respect to 
the input signal to the transmitter. 

15. The architecture of claim 13 wherein the gain regu 
lation block has a gain that is approximately equal to the 
inverse of the cascaded linear gain of the nonlinear trans 
mitter and the gain of linear receiver. 

16. The architecture of claim 13 wherein the gain regu 
lation block has a gain that is approximately equal to the 
inverse of the cascaded linear gains of the predistortion 
block and the nonlinear transmitter and the gain of linear 
receiver. 

17. The architecture of claim 12 wherein the gain regu 
lation block is coupled between the linear receiver and an 
input of the adaptive predistortion controller. 

18. The architecture of claim 17 wherein the gain regu 
lation block provides a feedback Signal to the adaptive 
predistortion controller, which is normalized with respect to 
the input signal to the transmitter. 

19. The architecture of claim 17 wherein the gain of the 
gain regulation block is approximately equal to the inverse 
of the cascaded linear gain of the nonlinear transmitter and 
gain of the linear receiver. 

20. The architecture of claim 17 wherein the gain of the 
gain regulation block is approximately equal to the cascaded 
linear gains of the predistortion block and the nonlinear 
transmitter and the gain of the linear receiver. 

21. The architecture of claim 12 wherein the gain regul 
lation block is coupled between an input having a signal to 
be transmitted, and to an input of the adaptive predistortion 
controller. 

22. The architecture of claim 21 wherein the gain block 
provides a forward Signal to the adaptive predistortion 
controller, which is normalized with respect to the feedback 
Signal from the linear receiver. 

23. The architecture of claim 21 wherein the gain of the 
gain regulation block is approximately equal to the cascaded 
linear gain of the nonlinear transmitter and the gain of the 
linear receiver. 

24. The architecture of claim 21 wherein the gain of the 
gain regulation block is approximately equal to the cascaded 
linear gains of the predistortion block and the nonlinear 
transmitter and the gain of the linear receiver. 

25. An adaptive loop coupled to a transmitter having an 
input and an output, the adaptive loop comprising: 

a linear receiver that converts a transmitter output signal; 
a predistortion block providing nonlinear amplification of 

an input signal to be amplified by the transmitter; 
a gain regulation block providing linear Scaling by a 

complex number; 
an adaptive predistortion controller that estimates normal 

ized nonlinearity of the adaptive loop and controls the 
predistortion block, and 
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an adaptive gain controller that estimates normalized 
linear gain of the adaptive loop and controls the gain 
regulation block. 

26. The adaptive loop of claim 25 and further comprising 
a time-division multiplexer that Synchronizes time-slots for 
independent operation of the predistortion block and pre 
distortion controller, and for the gain block and gain con 
troller. 

27. The adaptive loop of claim 25 wherein the linear 
receiver converts the output Signal to a format consistent 
with the format of the input Signal. 

28. A controller for multi-channel transmitter lineariza 
tion, comprising: 

a bank of predistortion gain elements cascaded with the 
transmitter for modeling nonlinear transmitter gain, 
gain imbalance of channels, and crosstalk between the 
channels, and 

a bank of adaptive controllerS optimizing the gains of the 
bank of predistortion gain elements based on an input 
Signal to be transmitted, without coordinate transfor 
mation. 

29. The controller of claim 28 wherein the bank of 
predistortion gain elements comprises n2 real gain ele 
ments, where n is equal to the number of Simultaneously 
transmitted components of the input Signal that is the same 
as the number of channels in the transmitter. 

30. The controller of claim 29 wherein n=2. 
31. The controller of claim 28 wherein the controller 

comprises a PI controller and wherein an initial phase of a 
time-domain adaptive error falls in an interval between 
approximately -45 and +45 degrees to ensure convergence. 

32. The controller of claim 28 wherein each of the 
adaptive controllerS operates independently over a narrow 
dynamic range of the input signal. 

33. The controller of claim 31 wherein each adaptive 
controller has a time constant with low Sensitivity to changes 
of its power and Statistics. 

34. The controller of claim 31 wherein the adaptive 
controllers utilize the products of the Single-bit Sign of the 
input Signal phases and the time-domain adaptive error. 

35. The controller of claim 28 wherein an adaptive 
controller cancel DC level bias in the transmitter by adding 
the accumulated by a proportional-integral controller time 
domain adaptive error to the predistorted by the gain bank 
input Signal in a DC-level Signal combiner located after the 
predistortion gain bank and before the transmitter. 

36. A controller for memory less gain based baseband 
linearization of a multi-channel Signal transmitter, compris 
ing: 

a bank of predistortion gain elements cascaded with the 
transmitter for modeling overall nonlinear transmitter 
gain while minimizing channel effects, and 

an adaptive controller composed of a bank of propor 
tional-integral controllerS optimizing the gains of the 
bank of predistortion gain elements based on an input 
Signal to be transmitted. 

37. The controller of claim 36 wherein channel effects 
comprise gain imbalance of the transmitter channels and 
crosstalk between them. 
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38. A controller for multi-channel transmitter lineariza 
tion, comprising: 

four banks of gain elements, 
a gain elements Selector coupled to an input signal; 
an in-phase signal Selector coupled to the input Signal; 
a quadrature-phase Signal Selector coupled to the input 

Signal; 

an adaptive controller coupled to the input signal and to 
a feedback Signal from the transmitter, wherein the 
adaptive controller provides gain control to the banks 
of gain elements, and a parametric DC offset control to 
the transmitter. 

39. The controller of claim 38 wherein the in-phase signal 
Selector is coupled to the gain elements of a bank of in-phase 
gain elements and a bank of quadrature-phase crosstalk 
elements. 

40. The controller of claim 39 wherein the quadrature 
phase Signal Selector is coupled to the gain elements of a 
bank of quadrature-phase gain elements and a bank of 
in-phase crosstalk elements. 

41. The controller of claim 40 and further comprising a 
Signal component combiner coupled to the outputs of each 
gain element in the banks of gain elements. 

42. The controller of claim 41 wherein the signal com 
ponent combiner combines signals from a Selected Set of 
four gain elements each from one of the four banks of gain 
elements that account for channel gain and crosstalk cor 
rection. 

43. The controller of claim 42 and further comprising an 
adder for combining a predistorted input Signal from the 
signal component combiner and the DC offset from the 
adaptive controller. 

44. An adaptive controller for banks of gain elements for 
multi-channel transmitter linearization, the controller com 
prising: 

a parametric information conditioner coupled to an input 
Signal and a feedback Signal from the transmitter; 

multiple banks of linear proportional-integral controllers 
coupled to the conditioner and providing gain values 
for the banks of gain elements, and 

a proportional-integral DC offset compensation controller 
coupled to the conditioner. 

45. The adaptive controller of claim 44 wherein the 
parametric information conditioner comprises: 

a delay element coupled to the input signal an error 
formation block coupled to the delay element and the 
feedback signal a controller Selector coupled to the 
delay element; 

an in-phase signal quantizer coupled to the delay element; 

a real error Selector; 

an imaginary error Selector; and 
a quadrature-phase signal quantizer coupled to the delay 

element. 

46. The adaptive controller of claim 45 wherein the 
parametric information conditioner provides: 
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a complex-valued error derived by Subtracting the feed 
back signal from the delayed input signal in the error 
formation block; 

an in-phase error Signal derived as a product of the real 
error and the quantized in-phase signal created respec 
tively by the real error Selector and the in-phase Signal 
quantizer; 

an in-phase crosstalk error Signal derived as a product of 
the real error and the quantized quadrature-phase Signal 
created respectively by the real error Selector and the 
quadrature-phase signal quantizer; 

quadrature-phase crosstalk error Signal derived as a prod 
uct of the imaginary error and the quantized in-phase 
Signal created respectively by the imaginary error 
Selector and the in-phase Signal quantizer; and 

quadrature-phase error Signal derived as a product of the 
imaginary error and the quantized quadrature-phase 
Signal created respectively by the imaginary error 
Selector and the quadrature-phase signal quantizer. 

47. The adaptive controller of claim 46 wherein the 
parametric information conditioner provides in-phase error, 
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in-phase croSStalk error, quadrature-phase croSStalk error 
and quadrature-phase error Signals to four corresponding 
banks of linear proportional-integral controllers. 

48. The adaptive controller of claim 46 wherein the 
parametric information conditioner comprises one-bit in 
phase and quadrature-phase quantizers that provide at their 
outputs one value of positive or negative sign that corre 
sponds unambiguously to the Sign of Signals at their inputs. 

49. The adaptive controller of claim 44 wherein each of 
the banks of linear proportional-integral controllers com 
prises multiple error Scaling blocks coupled to error accu 
mulation blockS. 

50. The adaptive controller of claim 49 wherein the banks 
of linear proportional-integral controllers provide in-phase, 
in-phase crosstalk, quadrature-phase crosstalk and quadra 
ture-phase gain values. 

51. The adaptive controller of claim 45 wherein the delay 
element provides a delay to account for finite propagation 
Speeds of the input Signal. 


